We have developed a digital holographic microscope (DHM), in a transmission mode, adapted to the quantitative study of cellular dynamics. Living cells in culture are optically probed by measuring the phase shift they produce on the transmitted wave front. The high temporal stability of the phase signal, equivalent to λ/1800, and the low acquisition time (~20μs) enable to monitor cellular dynamics processes. An experimental procedure allowing to calculate both the integral refractive index and the cellular thickness (morphometry) from the measured phase shift is presented. Specifically, the method has been applied to study the dynamics of neurons in culture during a hypotonic stress. Such stress produces a paradoxical decrease of the phase which can be entirely resolved by applying the methodological approach described in this article; indeed the method allows to determine independently the thickness and the integral refractive index of cells.
Introduction
Non-invasive high-resolution imaging of living cells in their natural environment is a prerequisite to visualize biological processes. Recently, new digital microscopy techniques have demonstrated phase measurements with interferometric resolutions, i.e. lateral micrometer range and sub-wavelength axial resolutions, of transparent biological specimens, in particular living cells in culture, without the use of any contrast agent [1, 2, 3] . Compared to classical phase contrast and Normaski's differential interference contrast widely used in biology for the visualization of unstained transparent specimens, interferometric techniques present the significant advantage of yielding quantitative measurements of the phase shift produced by the specimen. The measured phase shift depends on both the refractive index and the thickness of the specimen, two quantities linked to the nature of the intracellular content and to the morphometry of the specimen, respectively.
In this paper, we report the real time visualization of cellular dynamics with a digital holographic microscope (DHM) specifically adapted for the observation of living cell in culture. This DHM technique is based on an original numerical method [4] , which enables the reconstruction of both the amplitude and the quantitative phase contrast images with an interferometric resolution from a single recorded hologram [1] . The numerical reconstruction allows for the correction of the optical aberration introduced by the microscope objective (MO) and other imperfections of the optical arrangement; it also enables to compensate for temporal fluctuations induced by environmental and experimental perturbations. Consequently, DHM is an interferometric technique particularly well adapted for real time visualization of cellular dynamics.
An experimental protocol called "decoupling procedure" is presented here with the aim of measuring separately the integral refractive index and the cellular thickness from the quantitative phase images of living cells. Specifically, this protocol was applied during a hypotonic shock performed on living neurons in culture. It permits to separately measure, from the non-intuitive phase signal decline, both the expected neuronal swelling and the integral refractive index changes.
Theoretical and experimental principle
The experimental set-up is a modified Mach-Zender configuration (Fig. 1) . Light transmitted by the specimen is collected by a microscope objective (MO) that forms the object wave O, which interferes with a reference wave R to produce the hologram intensity I H recorded by the digital camera [ Fig. 1(b) ]. Holograms are recorded in an off-axis geometry i.e. the reference wave reaches the CCD camera with a small incidence angle with respect to the propagation direction of the object wave.
A detailed description of the algorithm used for hologram reconstruction and the general reconstruction procedure have been previously described in [4] and [1], respectively. Briefly, the reconstruction procedure consists in a simulation of the re-illumination of the hologram by a digital reference wave and a numerical correction of the wave front modifications induced by the objective and by the off-axis geometry. Processing of the hologram used in this study performs a numerical reshaping of complex wave fronts and of their propagation, thereby replacing the need for complex opto-mechanical adjustment procedures, and fine alignment of the sample along the optical axis. This allows monitoring living material with a great ease of use.
The acquisition time is currently limited by the exposure time of the camera (down to ~20μs) and the intensity of the irradiating source. The reconstruction process is achieved in real-time (>10 images/s) using a standard PC computer (Pentium IV, 3.2 GHz). For experiments requiring higher hologram acquisition rates, the reconstruction is achieved offline at the end of the experiment.
Cellular imaging with DHM
Primary cultures of mouse cortical neurons are prepared from mouse E17 embryo and plated on poly-L-ornithine coated coverslips in Neurobasal + B27 medium as described in [5] . Neurons are used after 2-3 weeks in culture.
Coverslips are mounted in a closed perfusion chamber [ Fig. 2 3 ) allows for a fast wash-out (<20s).
The refractive index of the standard perfused medium n m = 1.3410 ± 0.0002 and of the hypotonic perfusion medium n hypo = 1.3405 ± 0.0002 were measured with an Abbe 2WAJ refractometer at λ = 658 nm (wavelength of the light source of the DHM). 
where z is the axial coordinate, h i is the cellular thickness corresponding to the pixel i, n c,i (z) is the function representing the value of the intracellular refractive index along the cellular thickness h i , , Present performances of our set-up enable a temporal phase stability of 0.7 degree over several hours, for each pixel of a blank phase image i.e. an experimental configuration corresponding to a perfusion chamber without the presence of any cell in it. 16 phase image average results in a temporal phase stability of 0.2 degree corresponding to λ/1800. On the other hand, to minimize the fixed phase pattern noise induced by the coherent noise, a phase blank image is subtracted from each phase image. Consequently, within each reconstructed phase image, it remains a residual granular fixed phase pattern noise characterized by a spatial mean value close to zero and a spatial variation of ~ 1.5 degree.
As far as cells in culture with an mean refractive index of around 1.375 [6,7, this study] are considered, this stability corresponds to a vertical sensitivity of ≈ 11 nanometers. The transverse resolution is, as in classical optical microscopy, diffraction-limited and defined by the numerical aperture (NA) of the microscope objective [4] . For the present experiments achieved with a NA=0.8 and at a wavelength of λ = 658 nm, we obtain a transverse resolution of ≈ 0.6 μm in good agreement with the Rayleigh's criterion for coherent illumination [8] . We stress out that quantitative phase images of neurons in culture have been obtained without any contrasting agents and at very low light level illumination intensity. Thus, the measured irradiance on the specimen plane is ~ 200 μW/cm 2 , a value several orders of magnitude lower than the power used in classical confocal laser scanning microscopy.
Separate measurement of cellular morphometry and integral refractive index
The phase signal depends on both the thickness and the refractive index of the specimen. To decouple these two contributions, a procedure that we named "decoupling procedure" is applied. It consists in perfusing, consecutively to the standard perfusion solution, a second solution with the same osmolarity (to avoid cell volume variation) but with a different refractive index ' m m n n n δ = + and to record the two corresponding holograms. Specifically, the refractive index of the second solution is increased by replacing mannitol (a hydrophilic sugar present in the standard perfusion solution) with equal molarity of the hydrophilic molecule Nycodenz (Fig. 3 ). Typically addition of 4% w/v of Nycodenz increases the refractive index of the solution by δ n = 0.006. The sequence of this procedure is illustrated in Fig. 4 . For each pixel i, we obtain two phase recordings ( 1,i ϕ , 2,i ϕ ). The first one is obtained during the perfusion of the standard solution containing mannitol (point 1 in Fig. 4 ).
and the second one when the decoupling solution has completely replaced the standard solution in the perfusion chamber. This complete wash out is achieved when the phase signal has stabilized, ~30 seconds after the perfusion switch (point 2 in Fig. 4 ). 
By solving this equation system we obtain, for each pixel i, the integral refractive index:
and the cellular thickness: Considering the phase accuracy of 0.2 degree, we obtain, for each pixel i, a cellular thickness and integral refractive index with accuracies of around 100 nm and 0.0004 respectively. However, such accuracies are only valid for fixed specimens. Indeed over the 30 seconds solution exchange time of the perfusion chamber, the living cells present micromovements, resulting, for each pixel, in a cell-mediated temporal phase fluctuations of 0.5-1.5º, which produce artifacts in the calculations of , c i n and i h . Consequently, spatial averaging was used to substantially reduce this micro-movement artifact. Specifically, the mean integral refractive index of a neuronal cell c n , is calculated by taking the average of the integral refractive index over a cellular surface determined by a process involving a gradientbased edge detection algorithm and an eroding procedure allowing to remove peripheral pixels with low signal to noise ratio, from which a consistent calculation of , 360, [14] ), but to our knowledge this is the first time that a value for the refractive index of neurons is given with such a high precision.
Results and discussion
In animal cells intracellular ions associated with proteins and other biomolecules in the cytoplasm create a difference in water concentration between the inside and outside of the cell. This difference results in an osmotic pressure. In normal conditions, cells control their intracellular osmolarity by actively pumping out inorganic ions [15] . If cells are placed in a hypotonic solution (i.e. a solution having a lower solute concentration and therefore a higher water concentration) a net water influx occurs causing a cellular swelling.
Experimentally, the hypotonic shock is achieved by replacing the standard perfusion solution (229 mOsm/kg H 2 O) by a hypotonic solution (144 mOsm/kg H 2 O) reducing the extracellular osmolarity by 37 %, which represents a relatively high stress for the neurons. As depicted in Fig. 5 . the hypotonic solution produces a drop in the phase signal, which reaches a plateau after 2 minutes. The temporal fluctuations of the different phase time course plots shown in Fig. 4 and Fig. 5(A) result from the temporal phase stability of our set-up, experimentally measured on blank images, and from the living cell natural micro-movements. An intercellular variability of these cell micro-movements is likely to explain the variations of the phase temporal fluctuations exhibit by the different curves in Fig. 5 (A) FigureFig. 6 illustrates typical phase distribution changes of neuronal cell bodies induced by the hypotonic stress. The two images on the left ("standard") were acquired immediately prior to the hypotonic stress. The images on the right ("hypotonic") were acquired when the phase has stabilized ~3 minutes after the onset of the hypotonic perfusion. This representation of the phase distribution shows a phase decrease within the central cell domains, as previously described in Fig. 5 , and a phase increase in the more peripheral cell body domains consistent with the cellular surface enlargement induced by the hypotonic stress. These changes can be further appreciated in panel C where the phase images are represented as a color-coded difference between the "hypotonic" and the "standard" images. The dynamic evolution of the phase difference described in Fig. 6(b) is illustrated in a movie (Fig. 7) . Such phase distribution changes, particularly the phase decrease in the central cell region, remain difficult to be interpreted as a cellular swelling. To investigate this a priori paradoxical phase behavior we applied the decoupling procedure described earlier to separately measure the mean integral refractive index and the thickness of the neuronal cell bodies. The procedure has been performed at two time points: immediately prior the hypotonic shock and during the shock when the phase signal has stabilized.
The decoupling procedure (Fig. 8) shows the cell body morphometry of the two neurons presented in Fig. 6 . Specifically, each image pixel i represents the cellular thickness h i, thus allowing to visualize the neuronal shape. These morphometry images indicate clearly the expected hypotonic neuronal swelling. The hypotonic-mediated shape variations can be clearly seen on Fig. 8(b) . One should note an inhomogeneous neuronal swelling, weaker in some central domains of the cell body (green-yellow region in Fig. 8(b) , proportionally to the cellular thickness before the hypotonic shock.
The use of c n rather than the set of { } , c i n in the decoupling procedure does not take into account the spatial variation of the cellular refractive index and can introduce some local artifacts on the resulting morphometry. However, from the set of { } , c i n , it follows a refractive index spatial variation of ~ 0.005 (0.0055 for cell 1, 0.0046 for cell 2 of the Table 1 ). Besides, we point out that the residual fixed phase pattern noise, previously described, induced an error on the integral refractive index , c i n measurement of a few ten thousandths stressing the cellular origin of the measured integral refractive index spatial variation. Consequently, resulting from the refractive index spatial variation and from the cell-mediated temporal phase fluctuations, the cell thickness measurements i h , for each pixel i, performed with c n , exhibit an accuracy ~ 1 µm. Spatial averaging can improve the cellular thickness measurement accuracy. For instance, a 36-pixels average allows a local cellular thickness measurement with accuracy 0.7 µm. Such accuracy of the cellular thickness measurement stresses out that the anisotropic cellular swelling induces by the osmotic shock (Fig. 8(c) ) is not an artifact due to the use of the mean integral refractive index. ). Cellular volumes have been estimated from morphometry images by the following expression:
where Cell N represents the numbers of pixels within neuronal cell surface S cell , S pixel is the pixel surface of the reconstructed image, M the DHM magnification and Values presented in Table 1 indicate a volume increase, compatible with the expected cellular swelling. The accuracies of the cellular surface and volume measurements result mainly from the DHM lateral resolution of ~0.6 μm (dictated by the diffraction-limited lateral resolution of the MO). Indeed, considering the i h accuracy measurement of ~ 1 um and the pixel number forming a typical cellular body (2000-3000), it results a standard error of the mean thickness Cell h of a few tens of nanometers. The hypotonic shock induces a mean integral refractive index decrease. This decrease is consistent with a hypotonic water influx, resulting in a dilution of the intracellular protein concentration, the cellular component which largely determines the mean integral refractive index value [6] . The paradoxical phase signal decline results from both the mean integral refractive index decrease and the closeness of the values c n and m n generating a decrease of the product ( )
n n h − in Eq. (2) despite of the neuronal thickness increase i h . The extent of the neuronal swelling can be estimated by the swelling factor β which exhibits values consistent with a hypotonic cellular swelling (Table 1) .
The temporal dynamics of both the three-dimensional cellular morphometry and the mean integral refractive index during a hypotonic stress are illustrated in a movie (Fig. 9) . 
with Tot ϕ is for each image the measured phase quantity defined by : 
( ( ) )
where the summation is performed on all the pixels i within the neuronal body (S cell ).
Conclusion
Digital holography microscopy (DHM) is a technique that allows to obtain, from a single recorded hologram, quantitative phase images of living cell dynamics with interferometric resolution. These dynamic quantitative phase images, containing information about both the cell morphometry and the integral refractive index, can be unambiguously interpreted thanks to the decoupling procedure presented here. Specifically, the study of the cell shape dynamics can be addressed, as well as the measurement of the integral refractive index. Quantitatively, the local cellular thickness measurement can be performed with accuracy of 1 µm. However, spatial averaging allows to measure the mean thickness of cellular regions corresponding to the size of typical neuronal bodies, i.e. 170 µm 2 , with an accuracy of a few tens of nanometers. On the other hand, the spatial variations of the integral refractive index have been estimated at 0.005 and the mean integral refractive index can be measured with an accuracy of 0.0003. The cellular refractive index is a poorly documented parameter which is related to the intracellular content and which is relevant for the interpretation of the functional light imaging signal resulting from a multiple scattering process in biological tissues.
